Semiconductor quantum dots are converging towards the demanding requirements of photonic quantum technologies. Among different systems, quantum dots with dimensions exceeding the free-exciton Bohr radius are appealing because of their high oscillator strengths. While this property has received much attention in the context of cavity quantum electrodynamics, little is known about the degree of indistinguishability of single photons consecutively emitted by such dots and on the proper excitation schemes to achieve high indistinguishability. A prominent example is represented by GaAs quantum dots obtained by local droplet etching, which recently outperformed other systems as triggered sources of entangled photon pairs. On these dots, we compare different single-photon excitation mechanisms, and we find (i) a "phonon bottleneck" and poor indistinguishability for conventional excitation via excited states and (ii) photon indistinguishablilities above 90% for both strictly resonant and for incoherent acoustic-and optical-phonon-assisted excitation. Among the excitation schemes, optical phonon-assisted excitation enables straightforward laser rejection without a compromise on the source brightness together with a high photon indistinguishability.
large lateral extensions, different growth protocols have been developed over the years 7-9 . Here we focus on GaAs QDs obtained by droplet etching of nanoholes in AlGaAs followed by GaAs filling 9 , which typically have lateral sizes exceeding the free exciton Bohr radius in GaAs. The excitonic lifetime in this kind of dots (≈250 ps) is substantially shorter than the minimum lifetime expected for GaAs QDs in the strong confinement limit (≈440 ps) 10 , providing strong indication that excitons are weakly confined in our QDs. These QDs enabled the triggered emission of polarization entangled photons at near-unity fidelity 11 , partly due to their large physical size which provides a dual advantage in this respect. First, the effect of residual anisotropies of the confinement potential on the excitonic fine-structure splitting (FSS) is strongly reduced compared to smaller QDs 12, 13 and, second, the large decay rate alleviates effects of residual FSS and possible dephasing mechanisms leading to entanglement degradation 14, 15 .
Furthermore, under proper excitation conditions, GaAs QDs provided record low values of multi-photon emission probabilities 16 , demonstrating that the weak confinement in these dots does not affect the single photon purity. Having these extraordinary properties at hand, all-photonic quantum teleportation 17 and entanglement swapping 18 schemes were already elaborated to possibly realize entanglement-based cryptography 19 using solid-state sources. Nonetheless, efficient long distance quantum communication 20 demands highly indistinguishable photons and is also of paramount importance for photonic quantum information processing 21, 22 . In previous experiments on droplet-etched GaAs QDs based on strictly resonant two-photon excitation 14, 23 , only limited values of photon indistinguishability (V HOM ≈ 70%) have been usually observed. On the one hand, it is well known from InGaAs QD systems that near-optimal indistinguishable photons can be generated under strict resonant conditions 1, 2 . On the other hand, this usually requires to sacrifice source efficiency because of the delicate cross-polarized excitation/collection configuration needed for laser rejection as well as freedom of choice regarding the photon polarization.
In this article we therefore investigate the limits of photon indistinguishability from droplet-etched GaAs QDs under various excitation conditions to assess the true emitter perfor-
mance not yet revealed under two-photon pumping and, in particular, focus on practical, thus incoherent driving schemes.
Thereby, we do not only compare strictly resonant excitation to the well known excitation via excited states 24 or the LAphonon excitation 25 but also exploit the rarely considered triggered excitation via the LO-phonon 26 , which yields excellent performance in the given material system. Our results demonstrate the possibility to generate highly indistinguishable photons even for a largely detuned excitation laser and allow insight into different relaxation processes present in droplet-etched GaAs QDs.
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We start our study via pulsed excitation with a laser energetically located exactly at the energy of the neutral exciton (X) of a typical droplet-etched GaAs QD, which is embedded in a low-Q DBR cavity hosting a solid immersion lens on top (see Supplemental Note 1 for more details). The relative extension of the created electron-hole pair -in terms of the Bohr radius -is depicted with the aid of atomic force microscopy (AFM) measurements in Figure 1a to illustrate the weak, lateral confinement in our QDs. In general, all studies performed here are related to the neutral X. In a next step, we perform photoluminescence excitation spectroscopy (PLE) by detuning the energy of the excitation laser with respect to the X (see Figure   1b ) to possibly recognize any relevant resonant population mechanism of interest. By that, various effects are noticeable.
First of all, under any positively detuned excitation condition, at least four other lines appear (for sufficient excitation power) on the low energy side of the X. We attribute the appearance of these lines to the excitation of the quantum dot in presence of extra carriers (most probably holes) stemming from residual doping. Because of the slow relaxation (see later in the text), this gives rise not only to ground-state trion emission but also to emission from trions with one extra carrier in an excited state. A further consequence of random charging is QD blinking, i.e. the suppression of resonant absorption (and hence X emission) when the QD is occupied by excess carriers 27 , an issue which can be solved by embedding the QD in diode structures or alleviated by weak above-bandgap illumination 23, 28 . Further detuning then reveals the presence of resonances (local maxima in the X intensity), while the number of low energy states is gradually increasing. A stable emission pattern is reached at a detuning energy of approximately 13 meV, which we identify as the "p-shell" energy. In a single-particle picture, we would attribute the "p-shell" to a configuration featuring one electron in the first excited state in the conduction band. The appearance of several resonances between the electron s-and p-shell of the QD are instead attributed to densely spaced excited hole states 7 . The presence of such excitonic states composed of ground-state electron and excited holes can be also seen from a spectrum taken in strong above-band excitation (see Figure 1c) .If the laser is exactly tuned to these "h-states", as schematically illustrated in Figure 1d , we do observe maxima in the X intensity (see Supplementary Figure S1 ). We stress that the single-particle picture described above is a poor approximation for the large dots studied here and that resonances should be simply regarded as excited states of the system. In the opposite limit of weak confinement, we would interpret the densely spaced resonances as due to the center-of-mass motion of the exciton (dominated by the heavier mass of holes) in the lateral potential provided by the GaAs/AlGaAs QD and the "p-shell" to the internal excitation of the exciton (dominated by the lighter mass of the electron).
We continue our study with the evaluation of the recombination times of all detected X resonances. First of all, the "natural" resonant condition, the coherent excitation of the resonance fluorescence (RF) 29 , reveals a decay time of 209(5) ps under π-pulse condition (see Figure 2a) . The visible beating in the decay dynamics is associated to the phase evolution of the fine structure split bright excitons 30, 31 . In other words, we are not able to generate single photons with well-defined polarization due to the necessary polarization suppression.
Therefore we investigate more practical incoherent population schemes for positively detuned excitation laser energies. A small detuning of 0.5 meV allows us to properly dress the LAphonon to directly populate the neutral X and yields a decay For excited states with energy comparable to the LO-phonon energy the carrier relaxation times are enhanced due to an anharmonic polaron (carrier coupled to optical phonon) decay as reported in the literature 33, 34 . The thus observed "phonon bottleneck" is persistent even under resonant p-shell (≈ 13 meV) excitation (see Figure 2b ) in these QDs, where we witness decay times of 1.51(0.05) ns. This value is still a factor six slower than the time measured under s-shell and LA-phonon excitation. We note that the slow decay persists for optical and electrical above-bandgap excitation 35, 36 . This makes us confident that the fast decay time (≈200 ps) measured under LA-phonon excitation coincides to the radiative decay time. The consistent slow decay time (≈1.5-2 ns) observed under excited state excitation sets in fact an upper limit to the contribution of possible non-radiative processes to the decay rate.
Since slow relaxation introduces a large time-jitter in the photon emission, we expect emission of photons with reasonable indistinguishability only under coherent s-shell and LA-phonon excitation. However, in these conditions the spectral proximity of the excitation laser is still not ideal. Parallel polarization of excitation and emission, as required for resonant excitation at maximal efficiency, is challenging 37, 38 .
In particular in terms of the single photon purity, which is a quantity highly vulnerable to scattered laser light. Thus, polarization filtering is usually applied at costs of the source efficiency (at least 50% less) and arbitrary control of the polarization state is infeasible. A possible way to circumvent this problem is to detune the excitation laser even more, by approximately 36 meV, the already mentioned LO-phonon energy in GaAs. Although the occurrence of resonant absorption at the LO-phonon energy is well known 39, 40 , this pumping scheme has been rarely used for single photon emission 26 , possibly because of the overlap of this resonance with the "p-shell" of smaller dots. A created polaron can now rapidly decay via the emission of one LO-phonon, leaving the QD populated with one exciton. This allows to populate the neutral X similar to the strictly resonant s-shell and LA-phonon-assisted excitation schemes, as proven by the measurement of the decay time in Figure 2a , with the remarkable benefit of an excitation source being largely detuned with respect to the transition of interest.
As a consequence, there is no need of any sophisticated filtering technique. An exemplary spectrum is shown in Figure 2b , which resembles the resonant behaviour discussed beforehand.
We want to emphasize at this point that the ideal resonant sit- (32) ps. In the ideal situation this anti-parallel driving scheme should be completely suppressed for the investigated X transition due to conservation of angular momentum, as the dissipated LO-phonon will carry no spin. However, the experimental result indicates the presence of depolarization mechanisms. For the sample used in the presented study, we can nevertheless "imprint" the laser polarization with a fidelity of ∼75% (see Figure 2d) on the desired transition component, meaning that we are at least 25% more efficient than under strict resonant conditions, since no polarization rejecting elements are necessary. At least, because it is actually not trivial to drive a certain polarization axis under resonance fluorescence to reach the ideal 50% efficiency condition.
The LA-phonon assisted scheme exhibits a more efficient coupling to the two-level system (see Figure 2d ) as a consequence of the small energy difference between acoustic phonon bath and its dressed transition, which does not allow any relaxation via decay paths including excited states.
Nonetheless, we want to emphasize that under optimal conditions (parallel polarization configuration) the scattering of laser light is unavoidable and prohibits perfect single photon properties of the emitter, a circumstance particularly related to the high pump energy needed in phonon-assisted excitation schemes.
Before we compare the achievable photon indistinguishabilites of the presented excitation schemes, we want to investigate the LO-phonon excitation in our GaAs QDs in more detail. First of all, we study the power dependence of the decay dynamics represented in Figure 3a . As we crank up the laser power, we can identify two distinct decay channels: The laser is detuned on the LA-phonon (black), the LO-phonon (green), on the "p-shell" (red) or the excited "h-states" (shades of orange). All decay times, except the data acquired under LO-phonon excitation, are extracted via a single exponential fit and under deconvolution of the instruments response function as well as the phase evolution of the fine structure split X states (only in RF). The data of the LO-phonon is instead fitted via a double exponential function. (b) Exemplary spectra of incoherently excited X states. The LA-phonon excitation (top, black), the p-shell excitation (center, red) and the LO-phonon excitation (bottom, green). (c) Decay time measurements on the LO-phonon for a parallel (dark green) and orthogonal (light green) configuration of excitation polarization with respect to the collection polarization, which is fixed to one of the two bright excitonic states. (Inset: Simplified sketch of the created polaron decaying via the emission of one LO-phonon and one X photon) (d) The probability of the polarization transfer from laser photons to the emitted single photons as a function of the excitation polarization angle. This angle is referred to a fixed polarization in the collection system aligned to one of the two bright excitonic states. The study is carried out for the resonant excitation conditions shown in (b), namely the LA-phonon (black), LO-phonon (green) and p-shell (red). The individual data points are fitted with a cosine-function. More importantly, in Figure 3c we report on the HanburyBrown-Twiss (HBT) measurement on the X photons under the LO-phonon excitation and extract a multi-photon probability of g (2) X LO (0) = 1.9(0.1) × 10 −2 , which is lower or equal than the multi-photon probabilities observed for the other excitation schemes under investigation (see Supplementary Figure   S2 ). This value might be still deteriorated by the contribution of the long decay channel as observed in the second-order correlation measurement performed under p-shell excitation.
Thus, one could expect the multi-photon emission probability to be further lowered once more ideal conditions for the exciton-phonon coupling are elaborated or by introducing moderate time gating during the measurement process. Another intriguing effect is the correlation statistics under the LO-phonon excitation on time scales comparable to the laser 7/13 pulse frequency. At first glance, one might assume strong QD blinking to be present 27, 42 , however, if we compare the second-order correlation statistics on long time scales to a truly blinking emitter possibly induced under p-shell excitation (see Supplementary Figure S3 ), we can conclude that this correlation effect origins from a different still unknown mechanism 43 . Having these emission properties under LO-phonon excitation at hand, namely the close to zero multi-photon emission probability and fast transition time, we now present Hong-OuMandel measurements among photons consequently emitted by the same QD. To this end we excite the QD with laser pulses separated by ∆t=3 ns and compensate this delay probabilistically with an unbalanced Mach-Zender interferometer.
The result for the LO-phonon excitation is shown in Figure   4a and reveals an interference visibility of V HOM Comparative study under LO-phonon excitation (green), p-shell excitation (red) and LA-phonon excitation (black) with ∆t=12 ns. All data points are again fitted assuming Lorentzian peaks to obtain the depicted values of the interference visibility. The cross-polarized setting (grey) is additionally depicted in each panel.
Conclusion
We have evaluated possible incoherent excitation mechanisms of the X state in droplet-etched GaAs QDs to determine suit-
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able excitation schemes to obtain the emission of single and indistinguishable photons and also compare them to the coherent resonance fluorescence. While we found limited performance in excitation schemes relying on the population of excited states, which we explain by the fact that the excitons in our flat QDs are weakly confined and efficient relaxation through LO-phonon emission is hindered, resonant phononassisted excitation schemes are instead capable to deliver highly indistinguishable single photons. We expect our findings to be relevant also to other QD systems and attribute the excellent performance under phonon-assisted excitation to the enhanced oscillator strength present in our weakly confined QD system 48 . The largely detuned (with respect to the neutral X) LO-phonon energy can act as a coupling interface to generate indistinguishable single photons in a robust way.
Furthermore, a more precise dressing of the LO-phonon may eventually suppress the long decay channel associated to the undesired population of excited states. This might be realizable once the exciton-phonon coupling is further engineered, which may be possible via optimization of the QD size, or likewise, the exciton wavefunction 49 . This may be feasible either by engineering the QD structural properties or by introducing elastic stress, as already done previously on droplet-etched GaAs QDs 36, 50, 51 . The establishment of QD cavity systems 52 and devices which allow the reduction of charge noise 53 to ensure indistinguishable photons on arbitrary time scales 54 can then position GaAs QDs as excellent sources of upcoming quantum photonic networks offering practicable excitation schemes..
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